Introduction
Gold nanoparticles have been developed as bioprobes for many years because of their remarkable optical and colloidal properties. 1, 2 The chemical stability of gold, which enables long-term preservation of colloidal dispersions, provides desirable properties for biosensing, plasmonics, catalysts, and other functional nanomaterials. To control the size and shape of gold nanoparticles during synthesis, we must consider the balance between the two processes involved, which are the nucleation and growth of crystallites. Various combinations of reducing and surface-stabilizing agents have been reported for the control of nanoparticle formation.
Citrate is a typical reducing agent used to obtain spherical gold nanoparticles in an aqueous solution. [3] [4] [5] An excess of citrate molecules in solution attaches to the nanoparticle surfaces and stabilizes colloidal dispersions. The presence of citrates on nanoparticle surfaces results in nanoparticles showing negative zeta-potentials. Citrate reduction is a simple and reproducible procedure that gives uniform gold nanoparticles ranging from 10 to 50 nm in diameter, and is therefore a de facto standard method for obtaining anionic gold nanoparticles.
To obtain cationic nanoparticles, cationic detergents have been used as surface-stabilizing agents. [6] [7] [8] [9] Hexadecyltrimethylammonium (CTA + ) chloride (CTA + -Cl -: CTAC) and bromide (CTA + -Br -: CTAB) are typical detergents used to obtain cationic gold nanoparticles. CTAB was reported to be a preferable surface-stabilizing agent for obtaining rod-shaped and spherical gold nanoparticles.
Gold nanoparticles in CTAB/CTAC solutions are commonly prepared using a stepwise seeding method, in which small nanoparticles (<5 nm) are used as seeds for subsequent chemical growth reactions. Sodium borohydrate is a strong reducing agent that induces very fast nucleation of metallic gold (Au (0) ) and produces small nanoparticles. 10,11 Hydroxylamine 12 and ascorbic acid 9 are moderate reducing agents that do not induce efficient nucleation of Au (0) , but are common reducing agents used to induce the chemical reduction of gold ions on the seed surfaces. Uniform growth reactions on uniform seed nanoparticles result in uniform, larger gold nanoparticles. If large particles (>50 nm) are prepared in onepot and one-step synthesis, nucleation and growth of gold crystals occur simultaneously in relatively concentrated gold ion solutions and various sized particles form in the solution.
Scientists have extensively discussed the preparation of gold nanoparticles for many years, but the selection of reducing and surface stabilizing agents has been accomplished through empirical approaches.
Because the formation of gold nanoparticles is not thermodynamically reversible, minor modifications to a recipe occasionally induce unexpected changes in shapes and/or sizes of resultant gold nanoparticles. Therefore, for any given combination of reducing and stabilizing agents, we must identify specific experimental conditions that result in uniform nanoparticles, and general rules for controlling the sizes and shapes of gold nanoparticles have not yet been identified. In fact, at present, the citrate reduction method is the most popular technique for preparing size-controlled gold nanoparticles in aqueous solutions for scientific studies.
Spherical gold nanoparticles with cationic surfaces were prepared in hexadecyltrimethylammonium (CTA + ) chloride (CTAC) and CTA + bromide (CTAB) solutions. In a CTAC solution, ascorbic acid reduction of gold ions (AuCl4 -) induced spontaneous nucleation of gold clusters, which resulted in the formation of small gold nanoparticles (<5 nm). In a CTAB solution, the combination of ascorbic acid and AuBr4 -induced low spontaneous nucleation, and therefore controllable crystal growth of seed particles was possible. To obtain uniform gold nanoparticles, seed particles (<5 nm) were first prepared in a CTAC solution using NaBH4 as a reducing agent. Subsequent growth reactions of the seeds in CTAB solutions were controllable to obtain gold nanoparticles with diameters ranging from 7 to 60 nm.
Keywords Gold nanoparticle, hexadecyltrimethylammonium bromide, seed-mediated crystal growth In this work, we optimized experimental conditions for preparing cationic gold nanoparticles, passivated with the cationic amphiphiles, CTAB and CTAC. Previously, Murphy et al. reported preparation of cationic gold nanoparticles passivated with CTAB molecules by stepwise seeding, 9 but they did not show the effects of varying the experimental conditions. Here, we studied how the nucleation of Au (0) atoms and the crystal growth reactions from the nucleus were controlled in CTAB and CTAC micellar solutions. This knowledge is of fundamental importance for regulating the size and shape of resultant cationic gold nanoparticles. We sought experimental conditions that would enable the controllable synthesis of cationic gold nanoparticles.
Experimental
Tetrachloroaurate was obtained by oxidation of gold (99.99%, Tanaka Kikinzoku K. K., Japan) using aqua regia. All other chemicals were commercially available and used without further purifications.
In this paper, we used two types of nanoparticle preparation. The first was a variation of that used in previous work. 9 To obtain seed particles, a freshly prepared solution of sodium borohydrate (30 μL, 100 mM) was added to a mixture containing aqueous CTAC or CTAB (10 mL, 80 mM) and tetrachloroaurate (0.5 mL, 1 mM) solutions. The chemical forms of gold used in the CTAC and CTAB solutions were AuCl4 -and AuBr4 -, respectively. Soon after the addition of the borohydrate solution, the mixed solution became pale orange. The following steps were applied to achieve growth reactions from the small nanoparticles during the first step. An ascorbic acid solution (100 μL, 100 mM) was added to the mixtures containing CTAC or CTAB (10 mL, 80 mM) and tetrachloroaurate (0.5 mL, 1 mM) and a seed nanoparticle solution (100 μL) was then added. The growth solutions were stirred with a magnetic stirrer for at least 30 min, until color changes had stopped. In the second step, the seeds were the small particles formed during the first step. In subsequent growth steps, seeds were obtained from the solutions of the previous steps ( Fig. 1) . All experiments were performed at room temperature.
The second preparation approach was an improved synthesis taking into account the advantages of CTAC and CTAB solutions. Seed particles were obtained in a CTAC solution at 5 C. Soon after the preparation of the seeds, 300 μL of the seed solution was added to a growth solution comprising a mixed aqueous solution of CTAB (10 mL, 80 mM) and tetrachloroaurate (1 mL, 1 mM). The growth reaction was then stirred for 10, 20, and 40 min for the 2nd, 3rd, and 4th steps, respectively.
Extinction spectra of the solutions were obtained using a conventional spectrophotometer (V-670, JASCO, Japan). A multichannel spectrophotometer (SD-1024DWX, Ocean Optics, USA) was used for in situ measurements of spectral changes during the growth reactions. Dynamic light scattering (DLS, ELSZ-1000, Otsuka Electronics Co. Ltd., Japan) and a transmission electron microscope (TEM, JEM-3010 and JEM-2100HCKM, JEOL, Japan) were used to evaluate the size distributions of gold nanoparticles. In the first step, NaBH4 reduction produced small nanoparticles (<3 nm) that did not show significant surface plasmon (SP) bands (i). [14] [15] [16] [17] [18] These small gold nanoparticles were used as seeds in the subsequent chemical growth reactions using ascorbic acid. In the second step (ii), the seed particles were diluted by 100 times with the growth solution, but the resultant solution showed marked SP bands that indicated the presence of larger (>10 nm) nanoparticles. 17, 18 The CTAC solution [A] in the second steps showed a SP band peak at 521 nm, while the CTAB solution [B] showed a peak at 542 nm. It was found that the nanoparticles formed in the CTAC solution were smaller than those formed in the CTAB solution. In the third step (iii), the SP bands in both the CTAC and CTAB shifted to longer wavelength regions. In the CTAC solution, the SP peak was found at 548 nm. In the CTAB solution, the SP peak was found at 560 nm and a shoulder peak was found at around 610 nm. In the CTAB solution, two groups of nanoparticles were formed during the third step. In the fourth step (iv), the CTAB solution did not show SP bands from colloidal gold nanoparticles because the enlarged particles formed precipitates at the bottom of the cuvette. In the CTAC solution, in contrast, an intense SP band was found at around 575 nm. The peak position indicated that the larger nanoparticles were formed during the fourth step. The fifth step with the CTAC solution (v), in contrast, gave a smaller SP band at around 559 nm, and its absorbance was the same as that from the third step. The spectral changes indicated that the mean size of the nanoparticles decreased during the fifth step. [16] [17] [18] The grown particles of the seeds of the fourth step probably formed aggregates due to instability of large nanoparticles in aqueous solutions.
Results and Discussion
As discussed in below, nucleation of gold nanoparticles occurs in a CTAC solution. The SP band of the fifth step is originated from small nanoparticles that were formed by the additional nucleation in a CTAC growth solution and growth of the nuclei. Figure 3 shows the peak positions of the SP bands resulting from the preparation steps. The peak shifts to the longer wavelength regions indicate growth of the particle sizes in the growth solutions. In the fifth step, the CTAC solution [A] showed a blue shift, indicating a decrease in the mean diameters of the nanoparticles dispersed in the solution. The error bars indicate the standard deviation of the peak positions evaluated from repeated experiments. The experiments were repeated three (second step in CTAB) to ten (fourth step in CTAC) times. The plots indicate good reproducibility of the dependence of the peak positions on the preparation steps. Thus, we showed that the growth processes in cationic detergents were reproducible. Figure 4 shows the size distributions of the nanoparticles, as volume fractions, in CTAC [A] and CTAB [B] solutions. In the first-step solutions ([A]-i, [B]-i), the main species were particles smaller than 5 nm, while smaller amounts of larger particles were also found, at around 5 and 10 nm. The larger particles are undesirable in the preparation of uniform nanoparticles. Because the smaller particles <5 nm show low light scattering intensities, the analysis of the first-step solutions was somewhat unreliable. In the second-step processes, the CTAC solution ([A]-ii) contained numerous small particles (<3 nm) and a very small number of particles at around 15 nm. The SP bands in Fig. 2 probably originated from the ~15-nm particles. The presence of the smaller particles indicates that additional TEM observation was performed to investigate the sizes and shapes of the nanoparticles. Typical TEM images of particles are shown in Fig. 5 . In the first steps, a few nanoparticles with diameters as high as 10 nm were found, although they were not the major species seen in the first steps by DLS measurements (Fig. 4, [A/B]-i) . The smaller particles (<5 nm) were not found in our TEM observations because they did not settle during centrifugation (16000g) of the first-step solutions. For the TEM observations, the centrifugation was required to remove excess CTAC/CTAB from the reaction solutions before casting the solution on TEM grids. In the second steps (ii), the mean sizes of the particles were 18 ± 4 and 18 ± 2 nm in CTAC ([A]-ii) and CTAB ([B]-ii) solutions, respectively. In the third steps, the mean sizes were 36 ± 10 and 40 ± 10 nm for CTAC ([A]-iii) and CTAB ([B]-iii) solutions, respectively. The DLS measurements of the third-step solutions (Fig. 4, [A/B ]-iii) also indicated the CTAB solutions contained somewhat larger particles than those found in CTAC. The size distributions determined from the TEM images were consistent with the DLS measurements.
The shapes of the nanoparticles were mostly spherical, but some of those found in the third steps in CTAC (iii) were rod shaped or triangular. It is known that seeding in CTAB growth solutions containing silver ions mainly generates rod-shaped nanoparticles. 19 Preparation of gold nanorods without silver ions were possible in a specific experimental condition, 20 but uniformity and yield of nanorods in an as-prepared solution were not sufficient. Under our experimental conditions, because no silver ions were added in the growth reaction, the anisotropic growth of the seeds was largely suppressed, so very few anisotropic particles were found in TEM images of the CTAB solutions [B] . In contrast, the CTAC solutions [A] produced some rod-shaped nanoparticles. Torigoe and Esumi reported that the photoreduction of gold ions in a CTAC solution generated rod-shaped gold nanoparticles. 7 The TEM images indicated that CTAB is a preferable surface-stabilizing agent for obtaining spherical gold nanoparticles. Figure 6 shows in situ spectral changes in the second-step solutions, when seed particles were added to the growth solutions. In the CTAC solution [A], the addition of seed particles was instantly followed by an increase in the SP bands, indicating growth of the seed particles. At 100 s after the addition of the seeds, the peak intensity reached 80% of the final absorbance (~0.4). In the CTAB solution [B] , the increasing SP bands that slightly shifted to the longer wavelength regions indicated the formation of larger nanoparticles than those in the first step, but in contrast to the case of CTAC [A], the spectral changes were slow. The peak intensity was still increasing even 400 s after the addition of the seeds. It was shown that the formation of gold nanoparticles in CTAC occurred much faster than that in CTAB.
The chemical forms of the gold ions in the CTAC and CTAB solutions were AuCl4 -and AuBr4 -, respectively, because of the presence of bromide and chloride. The standard electrode potentials of these gold ions are 1.002 and 0.854 V vs. NHE for AuCl4
-and AuBr4 -, respectively. Thus, the reduction of gold ions (AuCl4 -) readily proceeded in the CTAC solution. The same phenomenon is reported for silver ion complexes with chloride and bromide. [21] [22] [23] AuCl4 -gave nuclei of gold nanoparticles, even in a growth solution in which ascorbic acid was the reducing agent, and small gold nanoparticles formed as the major species in the second-step solution (see Fig. 4, [A] -i). In the subsequent, third to fifth steps in CTAC solutions, the seed particles underwent growth reactions. In contrast, AuBr4 -produced few nanoparticle nuclei when ascorbic acid was used as a reducing agent. Larger particles found in the second and third steps in CTAB solutions indicated that the growth reaction of seed particles was predominant. The slow absorbance changes in the CTAB solutions in Fig. 6 supports the suppression of additional nucleation. The predominant growth reactions during the fourth step formed larger particles as a precipitate in the CTAB solution.
To obtain uniform nanoparticles, uniform nucleation and controlled growth of the seed particles are needed. According to the experimental results described above, CTAC appears to be a preferable amphiphile for obtaining uniform seed particles during the first step because the combination of the strong reducing agent, NaBH4, and the fast reduction of AuCl4 -are expected to suppress seed particle growth. In contrast, the ascorbic reduction of AuBr4 -in the CTAB solution is preferable for controlling growth reactions without inducing additional nucleation.
Here, we improved the experimental conditions to make uniform gold nanoparticles with cationic surfaces. The scheme for the improved synthesis is shown in Fig. 7 . In the first step, gold ions were reduced using NaBH4 in a CTAC solution at 5 C. The lower temperature suppressed the formation of SP bands at around 510 nm, which would indicate the formation of nanoparticles larger than 5 nm (see Fig. 2[A] ). To avoid the influence of particles grown in the first-step solution, the solution was added to a growth solution as a seed solution soon after the preparation, before any SP bands could be observed. To suppress unexpected nucleation in the growth solution, a large amount of seed solution (300 μL) was added to growth solution containing 80 mM of CTAB as a stabilizing agent. The growth solution was stirred for 10 min with a magnetic stirrer at room temperature.
Extinction spectra during the preparation steps are shown in Fig. 8 . In the first step (i), there was no SP band in the spectrum, other than the f-d band transition that monotonically increased to the shorter wavelength region. In the second step (ii), a relatively sharp SP band was found at 528 nm. The third step Fig. 7 Schematic illustration of the improved synthesis method. Fig. 8 Extinction spectra of gold nanoparticles prepared by the improved synthesis method. The first step (i) was carried out in the CTAC solution and the following growth processes (ii -iv) were performed using the CTAB solutions. Fig. 9 Size distribution of gold nanoparticles in the improved synthesis method, evaluated by DLS measurements.
showed a peak at 533 nm, and the fourth step showed a broader peak at around 541 nm. The peak shift to longer wavelength regions indicates the growth of the gold nanoparticles. The fifth step was also tried, but the resultant solution was colorless. In the fifth step, the seeds were very diluted and the very few seeds grew into very larger particles. Then, colloidal nanoparticles did not exist in the fifth-step solution. Figure 9 shows the size distributions of nanoparticles formed in each of the steps. The first-step solution showed a peak in the size distribution at less than 1 nm. There was no distribution in the region larger than 5 nm. In the second step, the peak was found at about 7 nm. In the third and the fourth steps, peaks were found at around 25 and 60 nm, respectively. The distribution showed only a single peak, even in the fourth step. Thus, the combination of the rapid NaBH4 reduction in the CTAC solution and growth reactions in the CTAB solutions containing ascorbic acid enabled the controllable preparation of gold nanoparticles, passivated with cationic amphiphiles.
Conclusions
Gold nanoparticles were prepared in colloidal solutions of cationic amphiphiles: CTAC and CTAB. In the CTAC solution, reduction of AuCl4 -occurred readily even when ascorbic acid was used as a reducing agent and generated additional nuclei in the growth solution. The CTAC solution was therefore not ideal for growth reactions. In contrast, the CTAB solution induced little spontaneous nucleation when ascorbic acid was used as a reducing agent. In the CTAB solution, therefore, controllable crystal growth of gold nanoparticles was possible. Based on these results, we optimized the procedures for the stepwise preparation of uniform gold nanoparticles. The first step was the preparation of small seeds (<5 nm) in a CTAC solution using NaBH4 as a reducing agent. Subsequent growth reactions of the seeds in CTAB solutions were controllable to obtain gold nanoparticles with diameters from 7 to 60 nm.
This stepwise preparation is a reproducible way to obtain spherical gold nanoparticles possessing cationic surfaces. Anionic molecules can subsequently be deposited on these cationic gold nanoparticle surfaces through electrostatic interaction.
Many bio-related molecules, such as DNA, peptides, and sugars, are anionic. We therefore expect that various surface modifications of the resultant cationic gold nanoparticles can be developed to obtain bio-functional nanoparticles.
